Fanconi anaemia (FA) is an inherited genetic disorder characterised by somatic anomalies, bone marrow failure and an increased predisposition to solid tumours and haematological malignancies. South African (SA) black and Afrikaner individuals are at higher than average risk for this condition owing to genetic founder mutations in certain Fanconi-associated genes. This review explores the epidemiology, clinical presentation, diagnostic modalities and recommended care of affected patients, focusing on the founder population groups in SA. The early diagnosis of FA is important and provides improved opportunities for early intervention, but remains challenging.
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Fanconi anaemia (FA) is an inherited disorder of impaired DNA repair, first described by Swiss paediatrician Guido Fanconi in 1927 and since then extensively documented in individuals of diverse ethnic origin. [1] [2] [3] Characterised clinically by somatic, haematological and oncological anomalies, most often manifesting in childhood, the condition is cytogenetically typified by spontaneous and induced chromosome breakage and is usually inherited in an autosomal recessive manner. [1] In South Africa (SA), in contrast to other populations worldwide where genotypic heterogeneity typically underpins this complicated disorder, [1] two population subgroups with well-characterised founder mutations have allowed for focused and genotype-specific research into FA. [4] [5] [6] However, despite our research and enhanced understanding of this disorder, the diagnosis of FA remains a clinical and laboratory challenge in the SA healthcare system. This article reviews the epidemiology, molecular pathogenesis, clinical phenotype, available local and international genetic testing and recommended surveillance and treatment for FA, with a focus on the local black and Afrikaner population groups. Additionally, we discuss some rare cases of FA caused by mutations in non-founder FA genes that have highlighted a need for broadened genetic testing capacity for this condition in SA.
The term 'black' is used to describe individuals of indigenous ancestry originally descended from sub-Saharan Bantu-speaking groups and in whom genetic founder mutations have been noted. The term ' Afrikaner' is used to describe Caucasian individuals of selfreported Dutch-European descent.
Epidemiology
FA has been reported in numerous racial and ethnic groups and is considered worldwide to be an important heritable cause of aplastic anaemia in children. [7] The condition is usually inherited in an autosomal recessive manner, although autosomal dominant and X-linked forms are described, with a slight male preponderance (skewing of the male-to-female ratio 1.2:1 v. expected 1:1). North American carrier frequencies are estimated at 1/181. The carrier rate and the expected prevalence of the condition in two subgroups of the SA population (as well as other population subgroups elsewhere, including the Ashkenazi Jewish population, the Spanish gypsies and the Japanese) is estimated to be much higher than the quoted North American figure as a result of founder effects. [1] The National Cancer Institute Dictionary of Genetic Terms defines a founder mutation as 'a genetic alteration observed with high frequency in a group that is or was geographically or culturally isolated, in which one or more of the ancestors was a carrier of the altered gene' . [8] Based on haplotype analysis and evaluation of population genetic data, a founder mutation in the black population (FANCG: NM_0046 29.1g.35077270_35077264del) appears to predate the arrival of Bantu speakers in southern Africa in AD 400, and is therefore an ancient mutation, possibly with its origins in West Africa. [2, 5] The estimated carrier frequency of the mutation is 1/100, with the predicted birth incidence of FA in black South Africans approximating 1/40 000. [2] Molecular and genealogical evidence indicates that the three Afrikaner founder mutations (FANCA: NM_000135.2 g.89858955_89818546del; NM_000135.2 g.89847979_89861587del; NM_000135.2 g.89813249_89813249del) were probably introduced into SA following the 17th-century migration of the French Huguenots to the Cape. [3, 6] The prevalence of FA in individuals of Afrikaner ancestry, based on birth incidence and point prevalence data, respectively, has been estimated as between 1/22 000 and 1/26 000. [3, 6] These figures are at least double those seen elsewhere, despite significant under-ascertainment of FA locally.
Based on these predicted frequencies and the well-documented and reported clinical phenotype, we would anticipate that FA is readily diagnosed in secondary and tertiary healthcare facilities. However, a large discrepancy exists between the number of observed and expected cases of FA and indicates that many cases are unrecognised or undiagnosed. Unpublished data suggest that only one of every 15 cases of FA will have molecular confirmation of the diagnosis in SA (A Krause, personal communication, May 2017). This does not appear to be a situation unique to SA, as it has been widely reported that the diagnosis is most often made at the time of bone marrow failure [9] despite the frequency of associated physical congenital anomalies.
Molecular pathogenesis
The complex FA pathway has been extensively investigated over many years to elucidate the mechanisms by which multiple protein products interact synergistically to provide genome stability and ensure cellular survival through DNA repair mechanisms. [10] [11] [12] As [1, 10, [13] [14] [15] [16] Collectively, mutations in FANCA, FANCC and FANCG account for >90% of cases. [1] The pathway is activated when DNA replication is stalled [12] and its critical functions include homologous recombination for inter-strand cross-link repair, nucleolytic incision and translesion DNA synthesis. [11, 17] The more recent discovery that BRCA1 (FANCU) and BRCA2 (FANCD1), implicated in the causation of hereditary breast and ovarian cancer syndrome (HBOC), are also part of the FA pathway highlights the interplay between abnormal DNA repair mechanisms and the evolution of cancer. [11, 18] Most of the FA genes exhibit mutational or allelic heterogeneity, which is evidenced by the large number of sequence variants and mutations that have been described, particularly in the FANCA and FANCG genes. [19] [20] [21] In >80% of black patients with FA, a homozygous seven basepair deletion mutation in the FANCG gene (NM_004629.1 g.35077270_35077264del p.Tyr213Lysfs) [2] has been confirmed as the cause of the disease. In a further 5% of cases, black patients with FA are heterozygous for the founder mutation, and preliminary molecular analysis of these FANCG heterozygotes revealed a second FANCG mutation on the other allele in 57% of a small cohort. [22] The molecular aetiology for the so-called 'G-negative' black patients with a clinical and/or cytogenetic diagnosis of FA is poorly understood, although most recently mutations in rarer FA genes, including BRCA2, have been identified. [18] In SA individuals with Afrikaner ancestry, three mutations in FANCA have been shown to account for ~80% of FA cases. [3] A founder mutation described in individuals of Ashkenazi Jewish ancestry is also found in SA individuals of this origin. This splicesite mutation in the FANCC gene (IVS4+4A>T) accounts for most cases of FA in Ashkenazi Jewish cohorts worldwide. [23] There is no published literature on the molecular pathogenesis of FA in SA population groups other than those in which founder mutations exist.
Clinical phenotype
Clinically, FA is characterised by a triad of somatic, haematological and oncological abnormalities. Congenital abnormalities, including skeletal, cardiovascular, genitourinary, gastrointestinal and central nervous system malformations, are well documented, [1, 24] as are poor postnatal growth, short stature, pigmentary anomalies and endocrine dysregulation. [25] Internationally, data from large patient cohorts have been collated under the auspices of the International Fanconi Anaemia Registry (IFAR) and composite frequency figures for the physical anomalies observed in genetically heterogeneous cohorts have been documented (Table 1) . [1, 26] Genotype-phenotype correlation studies performed in the black and Afrikaner populations in SA show that the frequencies of physical anomalies mirror the IFAR data in some respects, but also highlight population-and possibly mutation-specific features in our patient cohorts (Table 2) . [4] [5] [6] A trend towards significant physical differences between the two founder populations in SA has also been noted and suggests that future research is needed to provide greater definition, particularly for the Afrikaner phenotype. [6] It has been observed that in both population groups, identification and recognition of the FA phenotype may be improved by referral of children with growth restriction, pigmentary anomalies and unusual hands to a paediatrician or medical geneticist for an assessment. [4, 6] Certainly in a small Afrikaner patient cohort, the frequency of major congenital anomalies appears high, and patients may meet criteria for the diagnosis of VACTERL-H association (vertebral, ano-rectal, cardiac, tracheo-esophageal, renal and limb anomalies and hydrocephalus). Additional screening of patients with these abnormalities would be warranted. [6] From a haematological perspective, bone marrow failure remains the significant identified cause of morbidity and mortality in FA patients, with initial pancytopenia and progression to acute myeloid leukaemia (AML), myelodysplastic syndrome (MDS) or aplastic anaemia. [1, 27] Thrombocytopenia, macrocytosis (raised mean corpuscular volume) and a raised fetal haemoglobin (Hb) usually precede the onset of more severe haematological anomalies. [1, 28] Based on data collected by the IFAR, haematological abnormalities appear to present in childhood at a median age of 7 years, with progression to bone marrow failure by the age of 40 years in >90% of patients. [28] Research in a black SA FA cohort determined that the median age of presentation with symptoms of FA, usually concurrent with the diagnosis of bone marrow aplasia, was 7 years and 1 month of age. In the same cohort it was shown that the most common presenting symptom was recurrent epistaxis and that apart from macrocytosis, a severely low Hb (<8 g/dL) was a common initial haematological finding. [5] Based on the ascertainment of patients from haematology/oncology clinics, it is possible that referral bias in this study led to exclusion of more or less severely affected individuals. [5] FA is also recognised as a cancer susceptibility syndrome. [1, 28, 29] A predisposition to solid tumours of the head and neck, liver, oesophagus and female genital tract is well described and has become more evident in developed-world countries as the treatment for the haematological complications of the disease has improved. [30] In developed nations, the availability of haematopoietic stem cell transplantation (HSCT) as treatment for bone marrow failure has prolonged life and is therefore predicted to result in a higher prevalence of solid tumours as a common clinical manifestation in later life. [28, 29] In SA, solid tumours are rarely seen in patients with FA as most still die in childhood and adolescence from bone marrow disease. HSCT is only available to a minority of patients in the private healthcare sector. [5] The clinical phenotype of individuals with biallelic BRCA2 mutations as the cause of their FA is characteristically different to that described in more typical cases of FA, with more severe somatic anomalies, earlier-onset haematological compromise and childhood susceptibility to solid tumours, including Wilms tumours and medulloblastomas. [31] [32] [33] [34] A case report on two black SA children with FA in whom biallelic BRCA2 mutations were identified (Table 3) highlights the difficulties in care and management of these families, in that the children had severe anomalies associated with their FA phenotype, while the parents are obligate heterozygote carriers of a BRCA2 fault and receive an obligatory diagnosis of HBOC. [18] HBOC is associated with variable risks for breast, ovarian, prostate and pancreatic cancers as well as melanomas. [34] Solid-tumour risk for carriers of other rare FA genes, including FANCN (PALB2) and FANCO (RAD51C), is established in cohorts of patients with breast and/or ovarian cancer, with increased risks for breast cancer (33 -58% in PALB2) [35] and ovarian cancer (≤9% in RAD51C). [36] Whether the mutation spectrum related to tumour risk in heterozygous carriers of mutations in these genes is the same as that seen in carriers of FA is uncertain, although consideration of these potential risks is important. There does not appear to be a significantly increased risk of cancer in carriers of mutations in the more common FA genes, including FANCA, FANCC and FANCG, [37] but larger studies are required to clarify this.
Diagnosis
Traditionally, and possibly still regarded as the gold standard, the diagnosis of FA is confirmed by evaluation of the response of metaphase and interphase cells exposed to diepoxybutane or mitomycin C, two commonly used clastogenic DNA cross-linking agents. FA cells show hypersensitivity to these agents, with increased chromosome breakage and the formation of multiple abnormal structures including multi-radials, tri-radials and breaks. [1, 12, 38] The results should be compared with normal and positive control cells for standardisation. [1] Chromosome breakage abnormalities are not unique to FA and do not elucidate the underlying molecular abnormality, but rather provide cytogenetic evidence of the disease process. [1] Diagnostic molecular testing for FA has evolved from predominantly single-gene analysis based on the results of complementation analysis (a cell-based technique used to identify the most likely affected gene) to the use of multi-gene next-generation sequencing (NGS) panels that simultaneously evaluate all known FA genes on a single testing platform. This testing strategy has the advantage of allowing many genes to be tested at the same time, which limits waiting periods involved with sequential testing and, as the costs are falling, may possibly replace the use of chromosome breakage and single-gene analysis for FA diagnostics. [39] A number of commercially available NGS panel tests are available through international laboratories.
In SA, as founder mutations exist in certain population groups, diagnostic mutation-specific testing is currently offered by the Molecular Genetics Laboratory of the Division of Human Genetics, National Health Laboratory Services and School of Pathology (University of the Witwatersrand) in Johannesburg. Testing is offered for the common founder Ashkenazi Jewish mutation in the FANCC gene, for three founder mutations in the FANCA gene in the Afrikaner population, and for the seven base-pair deletion mutation in the FANCG gene in black SA patients (F Essop, personal communication, May 2017). BRCA2 mutation analysis is available through the Department of Human Genetics at the University of the Free State in Bloemfontein for those patients in whom a more severe phenotype is noted that may suggest the FANCD1 (BRCA2) subgroup. Patients with a clinical or haematological phenotype suggestive of FA in whom founder mutation testing is inappropriate or negative are currently unable to access NGS testing in the SA state healthcare system. In this regard, a number of research partnerships have been established to attempt to determine the molecular basis of FA in these individuals. Although the results have not been verified in a diagnostic setting, a number of plausible results, indicating possible deleterious mutations in rare FA genes, may suggest that NGS panel testing should augment the current testing strategy for those who have negative founder mutation analysis, or be used as first-line testing in those who do not have Afrikaner or black ancestry. Such testing is being developed and optimised for SA.
Management strategies
Most patients with FA will be cared for by a multidisciplinary team of specialists with the paediatric haematologist/oncologist and ideally the medical geneticist or genetic counsellor at the forefront, and including other specialist paediatricians depending on the congenital anomalies identified. [1] The aims of care are to ensure correct medical and surgical management of the patient and to provide the patient and the family with genetic counselling and psychosocial support. [40] Treatment protocols will differ according to local expertise and resources. Currently HSCT remains the only available cure for the haematological complications of FA, including MDS and AML. The timing of transplantation is critical and it has been suggested that transplantation be performed before the onset of significant haematological complications, and specifically before the patient requires a number of blood product transfusions. [41] After successful transplantation, affected individuals remain at risk for the development of solid tumours, specifically squamous cell malig nancies of the head and neck and female genital tract. [1, 28] These systems require regular surveillance to ensure early detection. Treatment is challenging owing to the increased toxicity of chemotherapy and radiation in individuals with FA. [1] Unfortunately HSCT is not routinely available in the state healthcare system in SA, so noncurative palliative measures are often utilised.
In the local setting these non-curative measures include androgen administration, which is the mainstay of initial treatment for FA once marrow aplasia is evident. This therapy has been shown to be effective in up to 50% of individuals within 1 month of commencement. It acts to increase the red cell count and Hb level, with a variable platelet and white cell response. [1] A number of complications have been noted, including liver toxicity and risk of the development of hepatic tumours, [1] hirsutism, acne, hyperactivity, and restricted growth leading to short stature. [1, 42] Overall, however, survival is thought to be better in androgen-treated v. non-treated patients. [43] Androgen therapy is not advocated in the preanaemic phase of the condition (Hb >8 g/dL) owing to the side-effect profile of the medication.
[1] Transfusion of platelets and packed cells is used as supportive therapy during crisis periods and at later stages of the disease for palliation. [1] A comprehensive list of investigations and care recommendations has been made available by the Fanconi Anaemia Research Fund (FARF). [44] These extensive guide lines indicate the optimal care recommended for patients and families with FA. The guidelines detail both childhood and adult surveillance for the anticipated complications of the condition. Some of these recommendations may be challenging to implement in resource-restricted settings. To streamline the necessary and prudent investigations required in a local context, recommendations for management have been made for both black and Afrikaner patients with FA based on the frequency of certain anomalies in genotype-phenotype correlation studies. These recommendations include a baseline renal ultrasound scan and a hearing test in all diagnosed patients. Additionally, recommendations were made to primary and secondary healthcare practitioners to improve the recognition of FA and refer patients for appropriate paediatric or medical genetic assessment (Fig. 1) . [4] [5] [6] Studies evaluating the endocrine profile of a cohort of black individuals with FA to assess their need for endocrine screening are currently underway.
SA data on cohorts of affected adult patients with FA are currently lacking. With improvements in therapy and treatment modalities and the concomitant increase in longevity of patients, we may need to determine suitable local recommendations for adolescent and Head anomalies include microcephaly, micrognathia, a triangular face, and eye and ear anomalies (as described by Faivre et al., 2000 [48] ). § Detected on ultrasound. ¶ Confirmed on echocardiography.
May 2018, Vol. 108, No. 5 adult cancer screening. Of note, the FARF recommends screening for oral cancers (which affect 14% of FA patients) from the age of 10 years, with 6-monthly clinical assessment by a dentist with knowledge of and experience in detecting pre-malignant lesions of the oral mucosa. [44] Lifestyle advice on the avoidance of alcohol and smoking should also be provided. [44] These recommendations should be considered for our patients, even in resource-restricted settings.
Genetic counselling
Individuals diagnosed with FA and their parents, siblings and other at-risk relatives can all benefit from genetic counselling. The aim of genetic counselling is to provide information and support in the understanding of the condition from medical, genetic and psychosocial viewpoints. In most cases, as FA is inherited in an autosomal recessive manner, the parents of an affected child have a 25% chance of having another affected child. Prenatal and preimplantation genetic diagnosis (PGD) can be offered to the parents of an affected child, [45] although in many cases the diagnosis of FA is made in the first child only after the birth of a second or third child. Prior knowledge of an affected fetus may allow for the option of termination of pregnancy in cases where this is acceptable to the parents, or allow parents to prepare for the birth of an affected child. Ideally, knowledge of the impending birth of an affected child may allow for pre-emptive preparation for HSCT. Prenatal testing can be performed by chorionic villus sampling (at 11 -14 weeks' gestation) or by amniocentesis (at 16 -20 weeks' gestation) to obtain fetal cells for assessment. Chromosome breakage analysis is theoretically possible on fetal cells and can be used in the event that the causative mutation in the affected child is unknown. [1] However, molecular targeted mutational analysis is the best option for cases in which mutations have been detected. PGD, which utilises an in vitro fertilisation technique and allows for single-cell testing of an eight-to 16-cell embryo, can also be used to 'select' unaffected embryos for implantation. Additionally, embryos have been successfully tested for 'negative' FA status and 'positive' HLA matching to facilitate HSCT in the affected child. [1] This procedure is very costly and not currently available in the state healthcare system in SA.
In instances where the carrier parents of an affected child are identified as having an increased susceptibility to developing cancers, [37] screening and prophylactic management options can be implemented to mitigate these risks. Risk evaluation as well as screening and management guidelines for HBOC should be guided by clinical judgement, family history and genetic testing results. [45, 46] Referral of such FA carriers to a specialist genetic clinic for discussion should be encouraged. Given the variability and complexity of the FA clinical presentation, siblings of individuals with FA would also benefit from evaluation, including genetic testing, to exclude a possible FA diagnosis, which would allow for earlier implementation of the appropriate care. Carrier testing for at-risk relatives (such as the parents' siblings) should also be encouraged; this is especially true in the context of founder populations, in which the carrier frequency of founder mutations is increased. [45] The psychosocial consequences of a diagnosis of FA in a child have been described as similar to those in childhood cancer diagnoses [47] A constant sense of uncertainty and the stress of lifelong medi cal care necessities, as well as lack of awareness of FA both in the public domain and among healthcare professionals, constitute some of the ongoing stressors and emotional challenges that parents of children with FA must face. [47] Genetics professionals are in a good position to assist such families, as they are equipped to deal with the complicated technological, medical and genetic information as well as these psychosocial aspects for all family members and throughout the lifespan of the affected child and adult.
Conclusions
This review emphasises important aspects related to the recognition, diagnosis, management, care and prevention of FA, a rare but important inherited disorder in the SA context. Research in our local SA populations over the past several decades has brought to light two ethnic groups (black and Afrikaner populations) that have higher than average carrier rates owing to the presence of founder mutations. This information has been essential as the background to the offering of a diagnostic genetic testing service for FA and provision of genetic 
